Varicella-zoster virus (VZV) and Epstein-Barr virus (EBV) are important human pathogens which belong to different subfamilies of the herpesviruses : the Alpha-and Gammaherpesvirinae, respectively. Computer comparisons of the amino acid sequences of proteins predicted from the published complete VZV and EBV DNA sequences resulted in the detection of EBV counterparts to 29 of the 67 unique VZV genes. Conserved genes were detected only in the UL component of each genome, and are located in three major regions, within which conserved genes are generally colinear. However, the three regions are arranged differently in the two genomes. These results make it possible in principle to propose the functions of EBV genes on the basis of the functions of their VZV counterparts. The data also allow identification of the types of events which may have occurred during divergence of VZV and EBV, as representatives of the Alpha-and Gammaherpesvirinae, from a common ancestor.
INTRODUCTION
The family Herpesviridae comprises a large number of enveloped icosahedral animal viruses with linear double-stranded DNA genomes containing of the order of 100 genes. Subclassification, on the basis of biological characteristics, features of virus replication and certain aspects of genome structure, has led to the definition of three subfamilies: the Alpha-, Beta-and Gammaherpesvirinae (Matthews, 1982) . Relationships between viruses in the same subfamily have been demonstrated in several instances using serological techniques or DNA hybridization, but these approaches have failed to show convincing evidence of relationships between members of different subfamilies. More recently, generation of herpesvirus DNA sequence data has allowed direct genetic comparisons to be made within and between the subfamilies. Baer et al. (1984) reported the first complete DNA sequence of a herpesvirus genome, that of Epstein Barr virus (EBV), a human pathogen belonging to the Gammaherpesvirinae. In addition, other workers have reported the sequences of many genes of the two subtypes of herpes simplex virus (HSV), HSV-1 and HSV-2, which are closely related members of the Alphaherpesvirinae. Comparisons of the amino acid sequences of predicted EBV and HSV proteins resulted in the first clear evidence of genetic similarity between members of different subfamilies. Of the HSV genes which have been sequenced to date, the following have detectable counterparts in EBV : those encoding the two subunits of the ribonucleotide reductase ; a protein of unknown function specified by a spliced mRNA (Costa et al., 1985) ; the DNA polymerase (Quinn & McGeoch, 1985; Gibbs et al., 1985) ; the major DNAbinding protein (Quinn & McGeoch, 1985) ; glycoproteins gB (Pellett et al., 1985) and gH (McGeoch & Davison, 1986) ; the exonuclease (Draper et al., 1986; McGeoch et al., 1986) ; the major capsid protein (Davison & Scott, 1986b) and two other genes of unknown function (McGeoch et al., 1986) . Thus, there is compelling evidence that HSV and EBV arose from a common progenitor. However, insufficient HSV sequence data are available to provide a complete view of the relationship in gene arrangement between the two viruses. The recent publication of the complete DNA sequence of varicella-zoster virus (VZV) by Davison & Scott (1986a) provides a means of arriving at such a view. VZV, like HSV, is a human pathogen and a member of the Alphaherpesvirinae. Evidence for a genetic relationship between VZV and HSV-1 resulted initially from DNA hybridization experiments (Davison & Wilkie, 1983) . The hypothesis that these viruses share a similar gene layout was confirmed by the close correspondence between the VZV gene arrangement deduced from the sequence and the HSV-1 gene arrangement derived from transcript mapping data, and by detailed comparisons of predicted VZV amino acid sequences with those available for HSV-1 (Davison & McGeoch, 1986; Davison & Scott, 1986a) . Thus, although the gene arrangements of VZV and HSV-1 differ in limited regions, they are sufficiently similar in general to allow either virus to be compared with EBV in order to obtain a description of the genetic relations between the Alphaand Gammaherpesvirinae. In this paper, the amino acid sequences of proteins predicted from the entire VZV and EBV DNA sequences were compared with the aid of a computer. The detection of 29 VZV genes with counterparts in EBV makes it possible in principle to postulate the functions of EBV genes from the functions of their counterparts in VZV and HSV. The discovery of extensive similarities in gene arrangement also indicates the types of event which may have occurred during divergence of the Alpha-and Gammaherpevirinae.
METHODS

Protein sequence databases.
Databases contained amino acid sequences predicted from the DNA sequences of a Dutch strain of VZV and the B95-8 strain of EBV. Published coordinates were used for the former (Davison & Scott, 1986a) . Coordinates for the latter were also as published (Baer et al., 1984) with the following exceptions: BFRF2, BFRF3, BMLF1, BERF1, BERF2B, BERF4, BKRF3, BKRF4, BBRF2, BBLF3, BBLF2, BGLF4, BcRF1, BTRF1, BALF3 and BNLF2B were initiated at the first ATG in the appropriate open reading frame (ORF) rather than at the commencement of the ORF; BDLF 1 was initiated two nucleotides downstream from the coordinate published by Baer et al. (1984) , which is in error; BGRF1 and BDRF1 were translated as a single protein from the predicted spliced mRNA (Costa et al., 1985; Davison & Scott, 1986a) ; the two very short predicted exons, BSLF2 and BRLF2, and BdRF1, which forms part of BVRF2, were omitted from the database. Sixteen regions of the EBV genome and four regions of the VZV genome which are of substantial size but are not within predicted protein-coding sequences were translated in all six reading frames, including termination codons, and added to the databases. The smallest of these regions was 397 bp in size. In total, the VZV database contained 71 amino acid sequences, and the EBV database contained 94.
Computer programs. A DEC PDP-I1/44 computer operating under the RSX-IIM system was used to run AASCAN [a modification of EMBLSCAN described by Bishop & Thompson (1984) ], CINTHOM (Pustell & Kafatos, 1982) , HOMOL (Taylor, 1984) and HOMREG (described below).
RESULTS AND DISCUSSION
Identification of conserved VZ V and EB V genes
Homologous VZV and EBV genes were identified on the premise that conservation of protein function is reflected primarily at the level of protein structure and only secondarily at the level of DNA sequence. Structural comparisons of proteins predicted from DNA sequence data are in general possible only by analysis of primary amino acid sequences. Therefore, during the course of determining the VZV DNA sequence, predicted amino acid sequences were compared with those derived from the published EBV DNA sequence using the AASCAN and CINTHOM programs. AASCAN rapidly searches a protein database for homologues, and the slower but more sensitive CINTHOM compares two amino acid sequences and reports conserved residues as a two-dimensional plot. Systematic pairwise comparisons were made, since regions of colinearity between the two genomes became apparent at an early stage. More than 2000 additional CINTHOM comparisons were then carried out between the remaining VZV and EBV sequences for which no homologues had been detected initially. In several cases, the mutation parameters of Dayhoff et al. (1983) were implemented in the CINTHOM program in order to identify related proteins which share few or no conserved residues. These comparisons emphasized the homology between proteins in which some conserved amino acid residues had been detected initially, but failed to demonstrate convincing relationships between proteins with no significant sequence conservation. No potentially conserved genes were identified in the regions of the VZV and EBV genomes which, although not within predicted protein-coding regions, were translated in all six reading frames and included in the databases. The analysis resulted in the detection of 29 VZV genes which have apparent counterparts in EBV. The pairs of genes are listed in Table 1 ; the basis of the division into strong, moderate and weak homologues is explained below. Thus, comparisons of VZV and EBV protein sequences have led to the identification of 18 genes conserved in the Alpha-and Gammaherpesvirinae in addition to the 11 detected to date by comparing EBV sequences with those available for HSV. Functions for nine VZV genes and seven of their EBV counterparts have been predicted previously from the functions or notable properties (hereafter abbreviated to functions) of homologous HSV genes shown in Table 1 . Direct experimental evidence is available for the function of only one of the VZV genes in Table 1 : gene 31 encodes glycoprotein gpII (Keller et al., 1986) . Functions for four of the EBV gene products (those of BLLF2, BXLF1, BMLF1 and BXLF2) were proposed from comparisons of VZV, EBV and HSV data, as discussed below. In addition, a membrane-associated role is suggested individually for the products of VZV gene 50 and its EBV and HSV-1 counterparts by the highly hydrophobic character of each protein (Davison & Scott, 1986a; Baer et al., 1984; McGeoch et al., 1986) . However, it must be emphasized that, although the functions of 12 conserved proteins are summarized in Table 1 , those of the remaining 17, including three strong homologues, are unknown. Clearly, as the function of each of these proteins is discovered in one of the three viruses, the correspondence between genes outlined in Table l will be of great value in making functional predictions for counterparts in the other viruses. The locations of homologous residues in each VZV protein and its EBV counterpart were analysed using the HOMOL program. This program attempts to produce matches between two amino acid sequences by inserting blank characters. The alignment produced may depend on the weighting values assigned to mismatched residues and inserted blanks: the values used throughout this study were 5 for each mismatched residue and 3k + 7 for k consecutive blanks. Examples of output from HOMOL are shown in Fig. 1 . The proportion of residues which one protein shares with another may be derived directly using HOMOL, but is an unsatisfactory measure of homology because it takes no account of the distribution of conserved residues. For example, two proteins each of 240 residues may be identical in only 12 positions when analysed using HOMOL, and thus may be said to be 5~o homologous. However, the significance of this result would be greater if the conserved residues occurred consecutively rather than at every twentieth position. Hence, the HOMREG program was used to obtain a more satisfactory description of the degree of homology between two proteins. This program analyses the output from HOMOL by identifying partially homologous sequences of at least x residues (including blanks inserted by HOMOL) flanked on each side by at least y unmatched residues (including blanks). In this study, the values of x and y were set to 12 and 5, respectively. The program reports two values: A, the proportion of VZV residues present in partially homologous regions; and B, the proportion of VZV residues present in partially homologous regions which are conserved. Each blank in partially conserved regions is counted as one residue in the calculation of B. Thus, A is a measure of the extent of partially homologous regions, and B is a measure of the degree of homology in these regions. In the hypothetical example cited above, the values of A and B would be 5 ~o and 100 ~o if the conserved residues were consecutive, but both values would Table 1. be 0Yoo if the conserved residues were located at every twentieth position. Thus, greater significance is attached by HOMREG to clusters of conserved residues. Of course, this algorithm is limited in usefulness at very low levels of homology, both because of its dependence on HOMOL output and because of the arbitrary nature of x and y. Fig. 2 shows a plot of the value of A against that of B for each pair of related proteins. On the basis of these results, the pairs are divided into three groups: strong homotogues (A > 45, B > 50; six pairs), moderate homologues (A > 30, B > 35; eight pairs) and weak homologues (A 1> 15, B > 35; 15 pairs). It is possible that the homology detected between certain proteins is a fortuitous result of the algorithms used, and does not indicate protein conservation. Homology is so substantial that there is little likelihood of this being the case for strong and moderate homologues; examples of HOMOL alignments between proteins in these groups are shown in Fig. 1 (a) and (b) . In contrast, the possibility of fortuitous homology must be considered seriously for certain of the weak homologues which are conserved at barely detectable levels. Nonetheless, we consider that even these levels are probably not fortuitous, and that the appropriate proteins merit inclusion in Fig. 2 ; in part to justify this, four examples of barely homologous pairs are discussed in detail below. In addition to the possibility that fortuitous homologues may have been included in Fig. 2 , the use of CINTHOM as a primary tool to identify related proteins may have failed to detect other weak homologues. It is acknowledged, therefore, that the use of more powerful algorithms, especially those which assess homology by statistical means, may result in the exclusion of certain weak homologues and in the inclusion of others undetected in this study. The latter alternative is particularly likely in view of similarities, other than in amino acid sequence, between certain VZV and EBV proteins not included in Fig.  2 ; this aspect is discussed in a later section.
As the first example of weak homologues, Fig. 1 (c) shows an alignment of the proposed VZV dUTPase, the product of VZV gene 8, with its EBV counterpart, the product of BLLF2. Many matches between residues are probably fortuitous, especially in the amino terminal portions, but the presence of two conserved pentapeptides (IFGRS and RGFGS) particularly suggests that TKs. Amino acid sequences are represented in single letter code. The number of residues between the amino terminus and the first residue shown is given on the left, and the number of residues between the last residue shown and the carboxy terminus is shown on the right. The number of non-conserved residues separating the two conserved regions in each sequence is shown in parentheses. The consensus is shown at the bottom of the figure; o denotes a hydrophobic residue; a, an acidic residue; s, serine or threonine and a hyphen any residue.
the two proteins may be related. Thus, BLLF2 is the best candidate for encoding the EBVspecified dUTPase identified by Williams et aL (1985) . The second example of weak homologues is relevant to the question of whether EBV specifies a thymidine kinase (TK). Several investigators have approached this question from an enzymological viewpoint, and the weight of evidence answers in the affirmative (de TurenneTessier et al., 1986). Baer et al. (1984) reported that the product of EBV BXLF1 shares a small region of homology with HSV-2 TK, but cautioned that this might represent a nucleotidebinding site rather than indicate that BXLF1 encodes a TK. Fig. 3 shows an amino acid alignment in this region of the TKs of HSV-1, HSV-2, marmoset herpesvirus and EBV with the proposed VZV TK (coded by VZV gene 36). Homology is present in two blocks separated by 14 to 17 non-conserved residues. The left block contains five residues which are conserved in each protein, and the right block contains four. These data, in conjunction with the result described below that genes on either side of the VZV TK gene (i.e. genes 35 and 37) have counterparts on either side of EBV BXLF1 (i.e. BXRF1 and BXLF2), are in accord with direct evidence, presented recently by Littler et al. (1986) , that BXLF1 encodes a TK.
The third example of weak homologues concerns the products of VZV gene 4 and EBV BMLF1. The former gene product is clearly the counterpart of the HSV-1 immediate-early protein IE63 (Davison & Scott, 1986a; L. J. Perry & D. J. McGeoch, personal communication) , which may have a role in transcriptional regulation (Sacks et al., 1985) . Cho et al. (1985) have shown that the EBV gene encodes a diffuse early antigen ; the temporal class of the VZV gene is unknown. Weak homology was initially detected between the VZV and EBV proteins, and the subsequent observation that several residues conserved near the carboxy termini are also present in a similar location in HSV-1 IE63 suggests that the products of VZV gene 4 and EBV BMLF 1 have a role similar to that of HSV-1 IE63. An amino acid alignment between sequences near the carboxy termini of the three proteins is shown in Fig. 4 . A relationship between the VZV and EBV proteins is also indicated by similarities in their hydrophobicity profiles, as described below.
The fourth example of an EBV protein with weak homologues in VZV and HSV-1 has been discussed in detail by McGeoch & Davison (1986) . The authors showed that VZV gene 37, which encodes a protein with the sequence characteristics of a glycoprotein, is clear/y the homologue of the HSV-1 gene encoding glycoprotein gH. In addition, the significance of the limited homology initially detected between the VZV protein and the product of EBV BXLF2 was strengthened by the detection of a similar degree of conservation between the EBV protein and HSV-1 gH. The conserved residues are located in HSV-1 gH close to the external side of the virion envelope. Moreover, the product of EBV BXLF2 has, like its VZV and HSV-1 counterparts, the sequence characteristics of a glycoprotein. Thus, this comparison led to the conclusion that EBV BXLF2 may encode a previously unidentified glycoprotein similar in function to the predicted VZV glycoprotein and HSV-1 gH.
Relative arrangements of conserved VZV and EB V genes
The general arrangement of conserved genes in the VZV and EBV genomes is depicted in Fig.  5 . Three regions of approximate colinearity are present in the UL component of each virus (A, B, C in VZV and A', B, C in EBV); no gene conservation in Us or the repeated sequences was detected. These regions are arranged ABC in VZV and CA'B in EBV, where A' denotes A in the inverse orientation. A more detailed representation of the relative arrangement of conserved genes in the UL components of VZV and EBV is shown in Fig. 6 . In contrast to Fig. 5, Fig. 6 shows the three regions of EBV UL aligned independently with VZV UL; the EBV A' region is inverted in order to demonstrate its genetic relationship to the VZV A region. The boundary between VZV regions B and C lies between genes 27 and 28, but that between VZV regions A and B could be located anywhere in the region containing genes 9 to 17, as none of these genes has a detectable counterpart in EBV. The boundary is shown in Fig. 6 between genes 14 and 15 . Fig. 5 . Note that region A of VZV UL is in the opposite orientation from that in Fig. 5 , where it is shown as region A'. Arrows below VZV UL and above EBV UL denote predicted protein-coding regions in the VZV and EBV genomes, respectively. Genes encoding the conserved proteins summarized in Fig. 2 and Table 1 are joined by dotted lines : filled, vertically hatched and open arrows indicate the strong, moderate and weak homologues, respectively, defined in Fig. 2 . Linear arrows denote genes for which no homologues were detected by amino acid sequence comparisons. The nomenclatures for VZV and EBY ORFs described by Scott (1986a) and Baer et al. (1984) , respectively, are shown. A single dotted line joining EBV BDRF1 and VZV ORF 42 applies to the proteins encoded by the spliced mRNAs specified by EBV BGRF1 plus BDRFI and VZV ORFs 42 plus 45. Similarities between the hydrophobicity profiles of VZV andEBV proteins which show little or no sequence homology. Profiles were derived using the hydropathicity parameters of Kyte & Doolittle (1982) implemented for a window of nine residues advanced two residues at each step. Peaks indicate hydrophobic regions. Profiles are shown for the products of (a) VZV gene 4 and EBV BMLFI, (b) VZV gene 15 and EBV BMRF2 and (c) VZV gene 24 and EBV BFRF1. The x axis is marked at intervals of 100 residues for each profile.
An intriguing observation from Fig. 6 is that certain VZV genes are aligned with EBV genes of similar size and in the same orientation, and yet share no detectable homology with them. Outstanding examples, because of their large size, are VZV genes 21 and 22. The consequent speculation, that some VZV genes may have EBV counterparts which are so distantly related that they were not detected in the analysis, is reinforced by clear similarities between certain proteins in patterns of hydrophobicity. Examples of hydrophobicity profiles of three protein pairs which have little or no sequence homology are shown in Fig. 7 . The similarity between the products of VZV gene 4 and EBV BMLF1 (Fig. 7a) are not included in Table 1 and Fig. 2 . The products ofVZV gene 15 and EBV BMRF2 (Fig 7b) are particularly hydrophobic proteins with a short hydrophilic central region. The products of VZV gene 24 and EBV BFRF1 (Fig. 7e ) have a striking hydrophobic region close to the carboxy terminus. In the examples shown in Fig. 7 , similarities are noticeable because the proteins possess unusually hydrophobic or hydrophilic regions. Similarities observed between the profiles of other proteins, for example the products of VZV gene 7 and EBV BSRF1, and VZV gene 16 and EBV BMRF 1 (data not shown) are less obvious, perhaps because these proteins lack such extreme properties. Thus, although EBV counterparts of 29 VZV genes were detected by amino acid sequence homology, inspection of Fig. 6 using the criteria of gene orientation and size or protein hydrophobicity profile suggests that at least 14 additional VZV genes may have EBV counterparts. These genes, the products of which are not detectably conserved in primary amino acid sequence but are possibly conserved in function, are listed in Table 2 . The remaining 24 VZV genes, 17 of which are located in UL, appear to have no counterparts in EBV. For example, the appropriate regions of the EBV genome do not even contain suitably orientated genes which may be proposed speculatively as counterparts of VZV genes 5, 39 and 56. Also, EBV certainly does not possess a homologue to VZV gene 13, which encodes thymidylate synthetase (R. Thompson, R. Honess, L. Taylor, J. Morran & A. Davison, unpublished data), a protein which is conserved to a remarkable degree from coliphage to man.
Divergence of VZV and EB V from an ancestral herpesvirus
The relations between VZV and EBV provide compelling evidence that these viruses, as representatives of the Alpha-and Gammaherpesvirinae, diverged from an ancestral herpesvirus. It is clear that VZV and EBV share a sizeable subset of conserved genes which was probably part of the progenitor's genetic complement. All conserved genes are located in UL, particularly in region C (Fig. 6 ). None were detected in Us, the repeated regions or sequences near the ends of UL: these regions are also among the most distantly related in VZV and HSV-1, which, being in the same subfamily, are in general much more closely related than is VZV to EBV (Davison & McGeoch, 1986; Davison & Scott, 1986a) . The origins of genes lacking counterparts are uncertain: each example may have resulted either from gene acquisition or from loss of a previously conserved gene after the VZV and EBV lineages diverged. It is interesting to note that VZV has no counterparts to protein-coding regions of the EBV genome which are represented in mRNAs possibly generated by very long range splicing from a promoter in Us or IR: several such regions, BYFR1, BHRFI, BLRF3, BERF1, BERF3, BERF4, BKRF1, have been identified in EBV UL (Bodescot et al., 1984 Speck & Strominger, 1985; Sample et al., 1986; . This observation, and the absence of any detectable genetic similarity between VZV Us and EBV Us, suggests that such splicing patterns may be unique to EBV.
The relationship between conserved genes in the VZV and EBV genomes suggests that large-scale rearrangements of sequences in UL have occurred in one or both lineages. Although the sequence arrangement is ABC in VZV and CA'B in EBV (Fig. 5) , in the ancestral genome it may have differed from both. The likelihood that rearrangements of this type have occurred more than once during herpesvirus evolution may be inferred from the observation made by Davison & Wilkie (1983) that, whereas four members of the A lphaherpesvirinae (HSV-1, HSV-2, VZV and equine herpesvirus 1) are colinear in UL, a fifth member (pseudorabies virus) appears to have a region comprising almost one half of UL which is relatively inverted. The data indicate that at least one of the endpoints of this region is different from the endpoints of the rearranged regions in VZV and EBV. In addition to large-scale rearrangements, there is also one clear example in Fig. 6 of a small-scale rearrangement. The counterpart of VZV gene 28, which encodes the DNA polymerase, is not located colinearly in the EBV genome: instead, BALF5 is four genes away from the colinear position and relatively inverted. It is tempting to centre on genes lacking counterparts as those which determine the differences between VZV and EBV in biological behaviour. However, it should not be overlooked that, since even the best-conserved genes differ in DNA and encoded amino acid sequence, the expression and properties of these proteins are also likely to be of importance. Moreover, genetic elements not specifying proteins are likely to have roles in biological behaviour. For example, the properties of the identified origin of DNA replication in EBV appears to differ fro~,n those of HSV-I and VZV (Yates et al., 1984; Stow, 1982; Weller et al., 1985; Stow & Davison, 1986) . Also, no counterparts to the small EBER RNAs of EBV, which map in Us (Arrand & Rymo, 1982) , have yet been detected. Nonetheless, the analysis of the genetic correlation between VZV and EBV will be a useful aid in eventually understanding phenotypic differences between the two viruses.
